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Nkx2-5 Pathways and Congenital Heart Disease: Loss
of Ventricular Myocyte Lineage Specification Leads to
Progressive Cardiomyopathy and Complete Heart Block
cal disorders that often continue long after the surgical
correction of the structural defects. While a number of
mutations in cardiac transcription factors have now
been linked to genetic forms of congenital heart disease
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Introduction
Results
Congenital heart disease can result in the progressive
cardiomyopathy and life-threatening electrophysiologi- Generation of Ventricular Restricted
Nkx2-5-Deficient Mice
Nkx2-5 floxed allele mice were generated (Figure 1; for*Correspondence: kchien@ucsd.edu
7 These authors contributed equally to this work. further details, see Supplemental Data at http://www.
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Figure 1. Gene Targeting and Validation of Nkx2-5 Ventricular Restricted Knockout Mice
(A) Targeting Vector depicting the locations of loxP site flanking exon 2 of murine Nkx2-5 gene. As illustrated, MLC2v-cre knockin mice
(mouse I) were crossed with mice (mouse II) carrying floxed Nkx2-5 alleles to generate tissue-specific deletion of Nkx2-5.
(B) Whole-mount LacZ reporter gene expression in the ED 13.5 heart when MLC2v-cre mouse is crossed with R26R Reporter mice.
(C) Southern Blot using 32P labeled 5 probe and XbaI digest. Lane 1 is total RNA isolated from a wild-type heart. Lane 2 shows lung tissue
derived from a mouse whose genotype was heterozygous for floxed allele and positive for MLC2v-cre. Lane 3 is heart tissue from the same
mouse as lane 2.
(D) RT-PCR of Nkx2-5 message from RNA derived from three wild-type hearts and three mutant hearts. Bottom row shows the RT-PCR of
GAPDH of the same samples.
(E) Acetylcholinestrase (AChE) activity stain of a 10-day-old R26R reporter mouse crossed with MLC2v-cre, showing staining in the AVN,
counterstained with hematoxylin.
(F) Same as above, but double stained for both -galactosidase and AChE.
(G) and (H) show immunofluorescent staining using anti-Nkx2-5 (green) and anti--actinin (red) antibodies in WT and mutant atria.
(I) and (J) show the immunofluorescent staining pattern in WT and mutant ventricles. Nkx2-5 expression is intact in mutant atria, but absent
in the ventricle compared to control.
(K) and (L) show immunofluorescent staining pattern in WT and mutant ventricle at ED 17.5, again showing intact Nkx2-5 expression in WT
ventricle but nearly absent in mutant ventricle.
cell.com/cgi/content/full/117/3/373/DC1) and crossed Ruiz-Lozano and Chien, 2003). The Nkx2-5 floxed allele
was designed such that the loxP sites flank exon 2,into the well-characterized myosin light chain-2v (MLC2v)
cre recombinase knockin mouse line (Hirota et al., 1999; which contains the homeobox domain (Figure 1A). Fig-
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ures 1B and 1C show that the MCL2v-cre-mediated re- prolongation of the A-H interval and a marked decrease
in the His deflection signal (data not shown), indicatingcombination of floxed allele is efficient and tissue spe-
cific. We demonstrated the specificity and the efficiency a specific conduction system defect. We then utilized
a combination of trichrome, immunohistochemistry, andof MLC2v-cre-mediated recombination for the working
myocardium and the conduction system by crossing AChE activity staining (Anderson et al., 1974; Crick et
al., 1999a, 1999b) to define and analyze the AV node andMLC2v-cre mouse line with the R26R reporter mouse;
Figures 1E and 1F show the acetylcholinesterase (AChE) the distal conduction system. Histochemical analysis of
AChE activity (Figures 2H–2K and 3A, 3D, 3G, and 3J)activity stain of the AV node and the lacZ counterstained
adjacent section in the resultant progeny; greater than and trichrome staining were performed on serial sec-
tions throughout the entire AV node and His bundle.50% of cells in the AV nodes were positive for lacZ
expression, indicating the depletion of Nkx2-5 expres- In day 1 neonates, surface ECGs did not suggest a
significant conduction system abnormality, and thesion within this tissue.
overall heart size in the flox/flox/cre mice was only
modestly larger than their flox/flox littermates with vari-Neonatal Ventricular Restricted Nkx2-5 Mutant
able penetrance. Analysis of serial sections throughMice Lack Atrial Septal Defects and Related
these hearts failed to demonstrate any atrial or ventricu-Congenital Heart Disease Phenotypes
lar septal defects. In contrast, the AV node and the HisAdult and neonatal mutant mice and their flox/wt and
bundle appeared smaller in flox/flox/cre mice (Figuresflox/flox littermates were exhaustively analyzed by serial
2F and 2G). The expression of the Cx40 was relativelysection histology, rendering no evidence of atrial or ven-
preserved in the conduction system. The adult flox/flox/tricular septal defects (data not shown). Real-time RT-
cre mice showed a markedly smaller and atrophic con-PCR revealed greater than a 90% decrease in Nkx2-5
duction system that was age dependent (Figuresexpression in the adult flox/flox/cre ventricles (data
2H–2K).not shown, see Figure 1D for semiquantitative RT-PCR
results). In contrast, RNA isolated from flox/flox and flox/
flox/cre atria displayed similar levels of Nkx2-5 tran- Progression of AV Block in Ventricular Restricted
scripts (not shown). Immunostaining of Nkx2-5 protein Nkx2-5 Mutant Mice Is Associated
in flox/flox/cre hearts showed little immunoreactivity with Cardiomyocyte Dropout and Fibrosis
in the ventricle, while atrial expression was preserved in the Central Conduction System
(Figures 1G–1J). Embryonic left ventricles similarly Conduction cells are modified forms of cardiomyocytes
showed a significantly decreased Nkx2-5 immunoreac- and similarly possess muscle cell sarcomeric structures
tivity (Figures 1K and 1L). These studies revealed that the (Anderson et al., 1974). To determine the overall health
efficiency of MLC2v-cre-mediated recombination was and cellular composition of the AV node and His bundle,
about 80%–90% as previously described (Chen et al., we utilized a combination of anatomical landmarks and
1998; Hirota et al., 1999). Quantification of Nkx2-5 mRNA AChE activity staining to define the proper boundaries
and protein levels revealed no difference between wild- of the AV node. Figure 3 (panels B, C, E, F, H, I, K, and
type (WT) and homozygous floxed (flox/flox) mice (data L) shows the immunostaining of the AV node and the
not shown). His bundle using anti-sarcomeric -actinin (rhodamine,
red) and anti-Nkx2-5 N terminus (FITC, green) antibod-
ies. We noted that a distinct feature of the conductionConduction System Disease in Ventricular
Restricted Nkx2-5-Deficient Mice system in the mouse was the marked upregulation of
Nkx2-5 (Thomas et al., 2001). Our data indicate that inNeonatal Nkx2-5-deficient mice displayed no arrhyth-
mias by surface ECG. Recordings obtained by subcuta- the central and distal conduction system (including the
Purkinje cells), Nkx2-5 immunoreactivity was moreneous telemetry transmitters from young mutant mice
(12 weeks) revealed first degree AV block and marked abundant compared to the surrounding working myo-
cardium. This pattern was present during late embryonicQRS prolongation when compared to wild-type mice
(Figures 2A–2C). However, at a later stage (6–12 months), development when a discernable AV node was seen (ED
17.5, data not shown) and extended into adult life. Inadvanced AV conduction block progressing to complete
heart block became evident in 50% of mutant mice, contrast, in flox/flox/cre mice, there was only sporadic
Nkx2-5 nuclear staining in the conduction system (Fig-while flox/flox mice of the same age were unaffected
(data not shown). Furthermore, these results are consis- ure 3M), consistent with a high degree of cre-mediated
recombination in the conduction system. Prior studiestent with a ventricular origin, as opposed to atrial, of the
central conduction system. Our mouse model recapitu- have shown a relatively higher expression of MLC2v in
the mouse conduction system (Franco and Icardo,lates the clinical syndrome of progressive AV block seen
in patients with Nkx2-5 mutations, but without the asso- 2001). A systematic serial section comparison of the
proximal to distal AV node and the His bundle usingciated congenital cardiac malformations such as atrial
and ventricular septal defects. -actinin immunostaining was performed. Mice homo-
zygous for the Nkx2-5 ventricular restricted KO hadTo determine if young mutant mice harbor a central
conduction system defect that might not be readily de- atrophic, disorganized conduction tissue that was sig-
nificantly smaller than that of their flox/flox littermates.tectable via surface ECG, microelectrode EP studies
were conducted utilizing Langendorff heart prepara- We serially sectioned flox/flox/cre (n  8) and cre
(flox/flox, flox/wt; n  8) littermates and examined theirtions. In the flox/flox/cre mice, there were clear defects
in the electrophysiological function of the AV node and AV node. Using AChE, we found that both the intensity
and area of staining were diminished in flox/flox/creintersecting His bundle (n 3), manifested as a selective
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Figure 2. Conduction System Function and Morphology in Nkx2-5 Conditional KO Mice
(A) Adult flox/flox/cre mice at 14–30 weeks displayed PR and QRS prolongation compared to flox/flox littermates.
(B) Older mice developed intermittent or persistent second- and third-degree heart block on telemetry. Upper ECG tracing shows second-
degree heart block, and later, the same mouse developed third-degree heart block.
(C) A summary of surface ECG parameters in adult flox/flox and flox/flox/cre mice (n  5 in each group). The asterisks indicate statistical
significance at p  0.01.
(D–I) Frozen sections (5 M thick) of the day 1 neonatal hearts were analyzed by immunofluorescent staining using anti-Cx40 (red), anti-actinin
(green) antibodies, and DAPI (blue) nuclear staining. Panels D and E show flox/flox, and panels F and G show flox/flox/cre littermate.
Consistent with prior studies (Gourdie et al., 1993), Cx40 expression is absent in the proximal node (D and F) but is present in the His bundle
(E and G). Expression of Cx40 is relatively preserved in Nkx2-5-deficient neonates, but overall, the AV node and His bundle appear smaller
(arrows). (H–K) AChE activity stain of the AV node (H and J) and the His bundle (I and K), and counterstained with hematoxylin, in adult mice.
The conduction system size as judged by AChE stain and overall morphology by hemotoxylin, or trichrome stain (not shown) is markedly
atrophied in Nkx2-5-deficient mice.
mice. Using trichrome staining, we similarly observed is relatively preserved (Figure 3O). Similar analysis in
mice heterozygous for the floxed allele (flox/wt/cre)selective degeneration of the central conduction sys-
tem, as evidenced by selective cell dropout and fibrosis, showed no statistically significant change in the AV
nodal size and, further, we were able to detect Nkx2-5while the surrounding atrial and ventricular myocardium
Ventricular Specification Defects in Heart Disease
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Figure 3. Comparison of the Central Conduction System in flox/flox and flox/flox/cre Adult Mice
(A–L) Figure shows AChE and immunofluorescent staining of 12-week-old adult littermate hearts using anti--actinin (red) and anti-Nkx2-5
(green) antibodies. Cell nuclei were counterstained with DAPI (blue). Adjacent sections were stained with acetylcholinesterase to identify the
AV node and His bundle (A, D, G, and J). In flox/flox (and wild-type, not shown) mice, the expression of Nkx2-5 as shown by the amount of
immunoreactive protein is higher in the cells of the central conduction system compared to the surrounding working myocardium (B, C, H,
and I). AV node (A to F) and the His bundle (G to L) are considerably smaller and atrophic in the flox/flox/cre mice. There is little Nkx2-5
immunoreactive protein in the flox/flox/cre mice, indicating high efficiency of cre recombination. At higher magnification (C, F, I, and L),
marked loss of sarcomeric structure in the flox/flox/cre conduction cells is evident (see Supplemental Figures online for larger high resolution
images of the photomicrograph).
(M–N) Higher magnification views of the AV nodal cells in the adult flox/flox/cre mice showing an atrophic AV node with cell loss and a
disorganized sarcomeric structure (see Supplemental Figures online for larger high resolution images of the photomicrograph). Very few nuclei
stained positive for Nkx2-5 in the flox/flox/cre mice, but these cells had an overall healthier appearance with preserved sarcomeric structure.
(O) An adjacent section showing trichrome stain of the AV node showing marked fibrosis (arrows) and cell death.
(P) In contrast, the AV node in flox/flox mice shows robust cells with very organized sarcomeric structure. The expression of Nkx2-5 is higher
in the cells of the conduction system.
(Q) Three-dimensional reconstruction of the AV nodes, showing a smaller and atrophic AV node in the flox/flox/cre mice.
nuclear staining in virtually all cells (data not shown). To seen in the 3D reconstruction, there was a severe defect
in the maturation and overall integrity of the AV node inrule out the observed difference in size and morphology
of the conduction system between the mouse popula- the ventricular restricted Nkx2-5 mutant mice. To deter-
mine whether there was a postnatal requirement fortions as an artifact of sectioning, we generated a three-
dimensional reconstruction of the AV node using the Nkx2-5 in the maintenance of AV nodal cells, sections
containing AV node and His bundle were immunostainedAChE positive areas from serial sections (Figure 3Q). As
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for -actinin as an additional parameter to allow for ventricular cavity (Figure 5A). A prominent feature of
cardiomyopathy in neonatal mice was extensive trabec-assessment of the integrity of conduction system myo-
cytes. Using deconvolution microscopy (Agard et al., ulae and evidence of myocardial noncompaction. Immu-
nostaining analysis of the neonatal ventricle with an anti1989), we systematically examined the sarcomeric in-
tegrity of the AV nodal cells. A clear striated pattern -actinin antibody (Figure 5A, middle panel) confirmed
that long trabecular projections were indeed cardiomyo-of organized sarcomeres was observed in the flox/flox
conduction cells (Figure 3P). In contrast, conduction cytes. Assays for postnatal myocardial growth by anti-
phospho-histone H3 immunostaining in the ventricularcells in the KO mice showed a dramatic sarcomeric and
cellular disorganization (Figure 3N). Analysis of the AV myocytes revealed a significantly higher number of cells
(p 0.02) per section that stained positive for phospho-node in flox/flox/cre mice showed clear evidence of
cell dropout and fibrosis in virtually all mice examined histone H3 (Figure 5A, bottom panel). Progression to
heart failure with concomitant dilatation of both cham-(Figure 3O). Therefore, the loss of a Nkx2-5-dependent
pathway directly affected the integrity and sarcomeric bers and more prominent trabeculae was evident with
100% penetrance in adult mice (Figure 5D). Echocardio-structure of the conduction system myocytes. Our data
show that the gradual process of AV block in mice with graphic evaluation of the mutant hearts and their lit-
termates confirmed the presence of cardiomyopathyNkx2-5 deficiency was primarily due to gradual nodal
degeneration and cell dropout. Furthermore, this pro- with increased septal (n  11, p  0.01) and posterior
wall (p  0.02) thickness, and a mild reduction in leftcess appears to spare the surrounding myocardium,
thus it is unlikely that AV nodal failure is due to cardiomy- ventricular function (p 0.02) at 14 weeks postgestation
(Figure 5C). Echocardiographic examination also re-opathy (Figures 3D–3F).
vealed the presence of prominent trabecular formations
and evidence of noncompaction in both ventricularHuman Mutations in Nkx2-5 Are Genetically
chambers. The echocardiographic and histologic evi-Linked to Selective Myocyte Dropout/Fibrosis
dence of hypertrabeculation and noncompaction inof the Distal AV Node and Cardiomyopathy
Nkx2-5 mutant mice is consistent with the echocardio-We re-analyzed the electrophysiological data of a large
graphic and histological criteria for ventricular non-Oregon kindred affected by a mutation in Nkx2-5
compaction in man (Jenni et al., 2001). Prior studies(Gln198ter, MBX family) that produced a truncated pro-
have also shown ventricular noncompaction in a patienttein that lacks a portion of the 3 coding region (Schott
with a chromosomal deletion of the Nkx2-5 locus (Pauliet al., 1998). This family displayed a high penetrance of
et al., 1999).advanced AV conduction block, and clinical electro-
physiological studies have revealed a marked dysfunc-
tion of the AV node and His bundle. In several individuals Dysregulation of Downstream Target Genes
with mutations of Nkx2-5, the advanced nature of the in Nkx2-5 Mutant Hearts
conduction block eventually necessitated pacemaker In an effort to identify molecular pathways involved in AV
implantation, with incidents of unexpected death, likely nodal block and the hypertrabeculation in adult Nkx2-5-
due to malignant cardiac arrhythmias. In two individuals, deficient mice, we compared the gene expression pro-
autopsy specimens became available, thereby allowing files of flox/flox and flox/flox/cre hearts by microarray
for a rigorous, direct analysis of the conduction system analysis. Pooled ventricular RNA was isolated from three
in the hearts of patients heterozygous for this Nkx2-5 mice in each group and was used for microarray analy-
mutation. As shown in Figures 4A–4F, this human muta- sis; each experiment was repeated three times. Using
tion in Nkx2-5 was associated with a marked, preferen- strict selection criteria for signal strength, expression
tial degeneration of the conduction system at the level ratio, background, and reproducibility, several genes
of AV node and the His bundle, while the surrounding showed a dramatic (5-fold or higher) change in the level
myocardium is relatively unaffected. In both cases, only of expression. Genes associated with myocardial cell
remnants of conduction cells were identifiable at the proliferation and trabeculation were markedly dysregu-
anatomical location of the AV node and His bundle, lated in the mutant hearts, including bone morphogenic
which was noted by prominent AV nodal myocyte drop- protein-10 (BMP-10), which is aberrantly expressed at
out and fatty replacement. Similar histological analyses high levels in the KO ventricle, and the cardiac homeodo-
in a large series of human autopsy specimens revealed main-only protein, HOP, which was downregulated
the selective AV nodal degeneration to be unique (An- 5-fold. BMP-10 is a key regulator of cardiac morphogen-
derson and Ho, 2001). Thus, human mutations in Nkx2-5 esis and myocardial trabecular formation (Neuhaus et
are genetically linked with selective myocyte dropout al., 1999). Mice with a targeted disruption of BMP-10
and fibrosis of the AV node, and progressive heart block, die in mid-gestation due to heart failure and by histology
supporting the pivotal, selective role of Nkx2-5 signals they have a thinned, poorly developed myocardium
for the maintenance and maturation of human AV nodal (Chen et al., 2004). HOP is a homeodomain-only protein
myocytes. In addition, histological analysis of these pa- that is a downstream target of Nkx2-5 (Chen et al., 2002;
tient specimens also revealed evidence of hypertrophic Shin et al., 2002). A targeted disruption of HOP resulted
cardiomyopathy. in postnatal myocardial overgrowth and hyperplasia in
a subset of KO progeny (Shin et al., 2002). In addition,
two ion channels that are normally predominantly ex-Nkx2-5-Deficient Hearts Show a Novel Form
of Perinatal and Adult Cardiomyopathy pressed in the conduction system were specifically af-
fected by Nkx2-5 deficiency in the mutant hearts. TheExamination of newborn mutant hearts showed marked
cardiac enlargement with trabeculae that filled the left expression of a pacemaker channel, i.e., the hyperpo-
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Figure 4. Conduction System Disease in a
Patient with Mutation of Nkx2-5 Gene
Sections of post-mortem heart from a patient
with Nkx2-5 mutation were analyzed by tri-
chrome stain (myocardium in red; fibrous tis-
sue in green).
(A) Star marks the anticipated area of the AV
node that is occupied by fatty tissue with re-
sidual strands of compact nodal cells close
to the nodal artery (arrow). Transitional cells
are absent.
(B) This section taken superiorly to section A
shows the anticipated region of the nodal-
His bundle junction (star). Only a few strands
of conduction tissues remain.
(C) This section shows the most substantial
portion of the His bundle passing through the
central fibrous body. Again, there is fatty and
fibrous replacement evident.
(D) There is a remnant of the compact AV
node (arrow) but the zone of transitional cells
and right part of the node are largely replaced
by fatty tissue (star).
(E) and (F) show His bundle (H ) and branching
bundles (b ).
(G) Cross-sections of a normal heart and
heart from a patient with Nkx2-5 mutation
who died unexpectedly. Compared to the
control, Nkx2-5 mutant heart has marked left
ventricular hypertrophy and more prominent
ventricular trabeculae.
larization-activated cyclic nucleotide-gated channel, Altered Gene Expression
in the Conduction SystemHCN-1, was markedly and aberrantly elevated in the
mutant hearts (	20-fold by quantitative RT-PCR, not In ventricular myocardium, connexin 40 (Cx40) is re-
stricted to the distal AV node and the His-Purkinje sys-shown), while the minimal potassium channel (minK,
KCNE-1) was downregulated (5-fold) in the ventricle tem (Gourdie et al., 1993). Furthermore, Cx40 is a down-
stream target of TBX5 and Nkx2-5 (Bruneau et al., 2001)(Figure 6A, quantitative data not shown). An atrial-
restricted inhibitor of the sarcoplasmic reticulum cal- and there are NKE binding sites within the mouse Cx40
promoter. While present in the neonatal flox/flox/crecium ATPase, sarcolipin (Minamisawa et al., 2003), was
markedly upregulated and aberrantly expressed in the mice (Figure 2, D-G), Cx40 is virtually absent in the adult
mutant conduction system (Figure 6, B-E). These dataventricle (	50-fold). Other markers of fetal gene expres-
sion, including ANF, BNP, and -MHC, showed only are consistent with Nkx2-5 being a positive regulator of
Cx40 gene expression (Bruneau et al., 2001) and furthermodest increases (1.5- to 2-fold), suggesting that the
cardiomyopathy associated with the loss of Nkx2-5 sig- suggest a specific role for Nkx2-5 in the postnatal con-
duction system maturation and maintenance.nals is distinct from common forms of hypertrophic car-
diomyopathy. Other genes such as MLC2v, troponin I, More recently, a minK-lacZ (minimal potassium chan-
nel, KCNE-1) mouse line has been utilized to track theand myosin binding protein-C showed only a 1.2- to 1.4-
fold decrease in gene expression. We confirmed the development and maturation of the mouse conduction
system cells (Kondo et al., 2003; Kupershmidt et al.,expression profiles of these selected genes by RT-PCR
(Figure 6A), quantitative RT-PCR (not shown), and North- 1999; Nguyen-Tran et al., 2000). Since RT-PCR and mi-
croarray analysis suggested that minK is a potentialern blot analysis (not shown), which was further corrobo-
rated by expression microarray analysis. Bioinformatic downstream target for Nkx2-5, we crossed the minK-
lacZ knockin mouse into the mouse line with Nkx2-5analysis of 156 publicly available databases (http://
cardiogenesis.med.harvard.edu/home) revealed the up- haplo-insufficiency and generated double heterozy-
gotes. As shown in Figure 6 (panels F-I), the degree ofregulation of BMP-10, sarcolipin, and HCN-1 to be
unique to the cardiomyopathy associated with Nkx2-5 lacZ staining is significantly lower in mice heterozygous
for Nkx2-5, suggesting an Nkx2-5 dependent gene dos-defects (see Supplemental Data online for further de-
tails). age affect. Immunostaining of the flox/flox/cre ventri-
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Figure 5. Cardiomyopathy in Nkx2-5-Deficient Mice
(A) Top panel, postnatal day 1 (P1) flox/flox (left) and flox/flox/cre (right) isolated hearts showing marked cardiac enlargement at birth in
Nkx2-5-deficient heart. Middle panels show -actinin (green) immunostaining in the neonatal left ventricle showing marked trabeculae in the
LV cavity of flox/flox/cre mice. Lower panels show immunostaining with anti-phospho-histone H3 (red) and nuclear stain DAPI (blue). The
neonatal flox/flox/cre hearts show a marked increase in cellular mitosis as evidenced by an increase in phospho-histone H3 immunoreactivity.
(B) Heart to body weight ratio of adult (average 14 weeks) hearts (n  7; p  0.005).
(C) Echocardiographic parameters in adult flox/flox and flox/flox/cre mice.
(D) Cardiomyopathy in adult (30 weeks) flox/flox/cre mouse compared to its flox/flox littermates (flox/flox on left, flox/flox/cre on right).
Virtually all adult mutants showed a severe form of cardiomyopathy (H & E stain). Note the hypertrophied heart and extensive trabeculae in
the mutant (middle panel). Bottom panels show the extensive trabeculae in 42-week-old flox/flox/cre mice. In addition, compared to the flox/
flox heart, the Nkx2-5-deficient heart shows histologic evidence of noncompaction.
cles with anti-minK antibodies failed to detect an appre- Overexpression of BMP-10 Leads to Myocardial
Overgrowth and Hypertrabeculationciable signal (data not shown).
The hyperpolarization-activated cation current plays Microarray analysis of ventricular RNA and real-time RT-
PCR (not shown) confirmed marked aberrant expressiona key role in the initiation and modulation of the depolar-
ization of cardiac pacemaker cell lineages. Recently, the of BMP-10 in Nkx2-5-deficient neonates and adults.
Since BMP-10 is expressed in mice during a criticalhyperpolarization cyclic nucleotide gated (HCN) family
has been identified as the molecular correlates of the window of embryonic ventricular development (i.e., ED
9.0 to ED 15.5), we sought to determine the role of BMP-pacemaker cation current (Biel et al., 2002). The HCN
channels 1, 2, and 4 are expressed in the heart; among 10 overexpression in the onset of the cardiac muscle
cell phenotype in the ventricular restricted Nkx2-5 KOthese, HCN 1 and 4 are primarily expressed in the SA
node, while HCN 2 is also expressed in the ventricle mice. BMP-10, a member of the TGF- family, is a car-
diac restricted factor that is predominantly expressed(Azene et al., 2003; Han et al., 2002). Our studies have
now shown that HCN-1 is expressed in the conduction in the trabeculae of the developing heart (Neuhaus et
al., 1999). BMP-10 expression is first noted during EDsystem including the SA node (not shown), AV node
(Figures 6J and 6L), and His-Purkinje cells (not shown). 9.0 in the ventricle during the onset of the formation of
the trabecular layer of the fetal ventricular chamber and,HCN-1 is aberrantly expressed in the ventricle of Nkx2-5
deficient mice (Figure 6M), while the spatial expression later at ED 12.5 expression, is noted in the atria. How-
ever, at mid-gestation (ED 15.5–16.5) and after formationof the HCN4 gene was relatively unaffected. These find-
ings were confirmed by quantitative RT-PCR and ex- of the trabecular network, BMP-10 mRNA is no longer
detectable in the ventricle and localizes only to the atriapression microarray analysis (data not shown). In sum,
our findings document the dysregulation of markers (Chen et al., 2004; Figure 7A). In the adult mouse ventri-
cle, BMP-10 is undetectable by in situ hybridization (Fig-(atrial, conduction system, and trabecular) for the iden-
tity of distinct cardiac muscle cell lineages, indicating a ure 7B, left panel). In contrast, in the ventricular re-
stricted Nkx2-5 KO, we observed persistent, markedfundamental defect in ventricular cell lineage maturation
and specification in the absence of Nkx2-5. expression of BMP-10 predominantly in the trabeculae
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Figure 6. Altered Gene Expression in the Conduction System of Nkx2-5-Deficient Mice
(A) RT-PCR analysis of adult (10–12 weeks) ventricular RNA from flox/flox and flox/flox/cre littermates shows selected genes that show
altered or relatively unchanged expression pattern. CA   cardiac actin; Cx43  connexin 43; SRF: serum response factor; BMP-10 
bone morphogenic protein-10; mink  minimal potassium channel (KCNE-1).
(B–E) Immunostaining of flox/flox (panels B and C) and flox/flox/cre (D and E) heart sections using anti-Cx40 antibody (red), anti-Nkx2-5
antibody (green), and DAPI (blue). Cx40 (white arrows) expression is present in the adult flox/flox distal AV node (B) and His bundle (C) and
the right atrium (RA). Cx40 is virtually absent in the respective sections (D and E) from flox/flox/cre littermates.
(F–I) LacZ stain of the AV node (F, black arrows) and the His bundle (G) in mice with minK lacZ-knockin (Kupershmidt, et al., 1999; Kondo et
al., 2003). (H–I) The AV node (H) and His bundle (I) in mice heterozygous for Nkx2-5 and minK lacZ-knockin show a markedly diminished lacZ
staining consistent with Nkx2-5 gene dosage effect on minK expression.
(J–O) Immunostaining of the flox/flox (J and K) and flox/flox/cre (L and M) mice heart sections using anti-HCN-1 (J–M) and anti-HCN-4 (N
and O) antibodies. Within heart, both HCN-1 (red) and HCN-4 (red) are predominantly expressed in the conduction system (black arrows,
panels J, L, and N) (for review, see Biel et al., 2002). Cardiomyocytes are labeled with anti--actinin (green) and nuclei are labeled blue with
DAPI. In the ventricle (K, M, and O), the HCN-1 is aberrantly expressed in the flox/flox/cre ventricle.
of virtually all adult flox/flox/cre mice (Figure 7B, right conditioned media containing secreted BMP-10 or con-
trol media. In vitro experiments revealed an increase inpanel). Given the extensive trabecular formations noted
in both ventricles, overexpression of BMP-10 might pos- cell growth, as evidenced by increased DNA synthesis
in embryonic cardiomyocytes (p  0.001; Chen et al.,itively modulate myocardial overgrowth and hypertra-
beculation. To further confirm the myocardial growth in 2004). We also observed that the rate of thymidine incor-
poration in the cardiomyocytes from BMP-10 KO em-adult mice, we assayed for phospho-histone H3, a
marker of mitosis, by immunostaining (Figure 5A, bottom bryos was markedly reduced, thereby indicating that
BMP-10 was required for the proper growth and/or dif-panels) in neonatal as well as adult hearts (data for
adult heart similar to neonatal heart, not shown). Cardiac ferentiation of at least a subset of cardiomyocytes (Fig-
ure 7E). In a transgenic mouse model where the expres-muscle cells normally begin to withdraw from the cell
cycle at birth. However, in Nkx2-5-deficient hearts, we sion of BMP-10 was anomalously elevated via ANF
promoter, there was a similar pattern of myocardial over-see evidence for persistent cellular mitosis at the neona-
tal stage extending into adult life. The fact that cells growth and hypertrabeculation (Figure 7C). In line with
these observations, mouse embryos lacking BMP-10staining positive for phospho-histone H3 also stain posi-
tive for sarcomeric -actinin (data not shown) indicates showed a hypoplastic heart with thinning of the septum
and the ventricular wall and died in early gestation (EDthat the cells undergoing mitosis are myocytes. To de-
termine if BMP-10 can positively regulate myocardial 10.5) (Chen et al., 2004). In addition, BMP-10 KO em-
bryos were found to have a normal level of Nkx2-5 ex-growth, we assayed for the rate of DNA synthesis (thymi-
dine incorporation) in embryonic cardiomyocytes in the pression in the myocardium at ED 8.5–8.75; but this was
dramatically downregulated at ED 9.25–9.5, shortly afterpresence of BMP-10 (Figure 7D). Embryonic cardiomyo-
cytes from ED 13.5 wild-type mice were incubated with BMP-10 expression is normally initiated in the embry-
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Figure 7. Overexpression of BMP-10 in the Nkx2-5-Deficient Hearts
(A) In situ hybridization using antisense BMP-10 mRNA in wild-type embryonic heart. BMP-10 is first detected around ED 9, and at ED 12.5,
it is restricted to the trabecular myocardium. At ED 15.5, BMP-10 is absent in the ventricule and is only expressed in the atria.
(B) In situ hybridization using antisense BMP-10 probes in the adult mice showing intense trabecular staining in the flox/flox/cre hearts.
There is no detectable BMP-10 expression in the flox/flox ventricle.
(C) Overexpression of BMP-10 in developing hearts leads to overproduction of ventricular trabeculae and abnormal formation of ventricular
septum (Chen et al., 2004). Left panels show ANF-BMP-10 transgene positive embryos (E14.5). Lower panels represent the histological sections
of WT and BMP-10-overexpressing transgenic mice (BMP-10/TG).
(D) Embryonic cardiomyocytes (ED 13.5) were cultured in BMP-10 conditioned or control media. 3H-thymidine labeling index is significantly
higher in cardiomyocytes cultured in BMP-10 conditioned media after 48 hr of culture (p  0.05).
(E) BMP-10-deficient hearts have dramatically reduced 3H-thymidine labeling index when compared to littermate controls (p  0.001).
(F) An illustration summarizing the molecular pathways and the phenotypic consequences observed in our studies as a result of Nkx2-5
depletion in ventricular myocytes. In the control ventricular myocytes (left panel), Nkx2-5 is normally expressed and as a result, BMP-10,
HCN1, and sarcolipin expression are suppressed in adult ventricular myocytes. In the absence of Nkx2-5 (right panel), there is aberrant
expression of BMP-10 at the trabeculae throughout the postnatal period into adulthood, driving the observed phenotype of hypertrabeculation.
Sarcolipin (normally atrial restricted) and HCN1 (normally conduction system restricted) both have significantly elevated expression in adult
ventricular myocytes in the absence of Nkx2-5, indicating a defect in lineage specification and maturation.
onic heart (Chen et al., 2004). These data suggest that important subset of the ventricular muscle phenotype
seen in the setting of Nkx2-5 mutations.BMP-10 and Nkx2-5 can coordinately modulate embry-
onic myocardial growth and development. The fact that
BMP-10 expression was aberrantly increased in Nkx2-5 Discussion
ventricular restricted KO mice suggests that Nkx2-5 is
a negative regulator of BMP-10 expression. A recent Nkx2-5 Pathways and Ventricular
study provides further direct evidence that Nkx2-5 and Lineage Specification
BMP-10 modulate the growth and differentiation of ven- The present study employs a conditional mutagenesis
tricular myocardium (Chen et al., 2004). Taken together, strategy to define the potential role of Nkx2-5 within
the gain- and loss-of-function studies of BMP-10 in both cardiac myocyte lineages at later stages of heart devel-
in vitro and vivo model systems supported the role of a opment. Interestingly, these mice display many of the
novel pathway for ventricular muscle cell lineage growth ventricular muscle cell phenotypes seen in the hearts
that is mediated by a Nkx2-5-BMP-10 axis (Figure 7F). of patients who harbor mutations in Nkx2-5, including
cardiomyopathy, and progressive postnatal AV block,Dysregulation of this axis can directly account for an
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but without evidence of congenital heart disease, i.e., tion in the presence of Nkx2-5; In the absence of Nkx2-5,
the same signals may ultimately lead to AV nodal myo-atrial or ventricular septal defects. A detailed, compre-
hensive analysis of the downstream target genes that cyte degeneration and complete heart block.
are disrupted in these mutant mice, based on a combi-
nation of bioinformatics and microarray analysis of ven- BMP-10 Pathways and Ventricular Muscle
tricular gene expression, reveals a defect in ventricular Cell Lineage Defects
lineage specification, as evidenced by the aberrant ex- One of the most critical steps of ventricular chamber
pression of atrial, conduction system, and trabecular development is the formation of a finger-like meshwork
restricted markers within the working myocardium of of myocardial cells known as trabecular myocardial layer
the postnatal hearts. As such, these studies identify a in the fetal heart. The process of trabeculation is critically
new molecular paradigm for the onset of congenital linked with the control of cardiac muscle growth, as the
heart defects and associated arrhythmogenesis via de- rapid burst in the expansion of the trabecular myocar-
fects in the decision-making steps that guide ventricular dium is normally followed by subsequent differentiation
cells into discrete cardiomyocyte lineages. Since the and slower cycling rate of the cells at the outermost
ectopic ventricular expression of several of these genes boundary of the trabecular myocardium; these cells dif-
is persistent and their effects are now known to directly ferentiate into conduction system lineages known as
influence automaticity (HCN1), contractility (sarcolipin), Purkinje fibers (Sedmera et al., 2003). Cardiac muscle
and trabeculation (BMP-10), these studies support the cells normally begin to withdraw from the cell cycle at
concept that the surgical correction of the structural birth. In this manner, the precise control of trabecular
morphogenic heart defects is unlikely to correct the un- muscle growth may play a critical role in the onset of
derlying molecular defects, thereby leading to progres- many aspects of congenital heart disease phenotypes,
sive dysfunction in the postnatal heart in discrete car- i.e., trabeculation, septation, and conduction, seen in
diac muscle cell lineages. the setting of Nkx2-5 mutations in both experimental
models and in patients. Accordingly, understanding the
molecular mechanisms responsible for the onset of de-Ventricular Nkx2-5 Pathways for AV Nodal
Myocytes Lineage Formation and Maturation: fects in ventricular maturation and myocyte differentia-
tion are central to unraveling the logic of many forms ofRelationship to Arrhythmogenesis
By analysis of AV nodal cardiac myocyte lineages in the congenital heart disease. In a recently described model,
mice deficient for the transcription factor HOP, a down-ventricular restricted Nkx2-5 mutant mice, the present
study documents that Nkx2-5-dependent pathways stream target for Nkx2-5, showed persistent cell growth
and hyperplasia in the immediate postnatal stage, butwithin ventricular lineages play a critical role in the matu-
ration and maintenance of AV nodal myocyte lineages. not in the adult animals (Shin et al., 2002). Similarly, mice
deficient for Nkx2-5 show a markedly lower level of HOPAt birth, hypoplasia of the AV node is evident in the
ventricular restricted Nkx2-5 mutant mice, with the node expression with a similar evidence of myocyte hyperpla-
sia and postnatal growth. Surprisingly, in this instance,displaying a 50% decrease in size when compared to
the wild-type. The data in the present study now identify we find persistence of trabecular growth into adult life.
In the present study, we have now identified a dysreg-Nkx2-5 as an intrinsic pathway within ventricular myo-
cyte lineages that is most likely required in combination ulation of the Nkx2-5-BMP-10 axis as a critical step
in the onset of this trabecular defect. The ventricularwith the extrinsic cues to drive formation of the AV nodal
lineages within the central conduction system. restricted Nkx2-5 mutant mouse hearts display promi-
nent hypertrabeculation and cardiomyopathy. Using thisHerein, we present evidence supporting a plausible
molecular mechanism leading to progressive complete mouse model, we have shown that there is aberrant
postnatal expression of BMP-10, which is normally ex-heart block. Many arrhythmias are believed to be con-
genital (Long QT and WPW) even if first discovered later pressed in ventricular myocardium during the initial
stages of trabeculation (Neuhaus et al., 1999). After EDin life, but many more are believed to be acquired and
result from ischemic (ventricular tachycardia, AV block) 15.5, BMP-10 expression is completely extinguished in
the ventricular myocardium, coinciding with the periodor other degenerative (AV block, bundle branch block)
processes. The discovery of discrete genetic pathways of trabeculae and compact zone expansion. This tempo-
ral association implicated BMP-10 in the hypertrabecu-leading to premature AV nodal degeneration and con-
duction abnormalities suggests that “acquired” arrhyth- lation in the Nkx2-5 mutant hearts. Three independent
approaches support this contention, i.e., a direct effectmias may also be in part “congenital” in nature. Taken
together, the current study provides evidence for a two- of BMP-10 on promoting ventricular cell proliferation
in vitro, a marked increase in ventricular muscle cellhit model for the onset of progressive heart block and
AV nodal dysfunction that occurs due to the loss of cell- proliferation in vivo in transgenic mice that overexpress
BMP-10 in the myocardium, and BMP-10 KO mice thatautonomous Nkx2-5 pathways. The first hit consists of
a smaller AV node that reflects a critical role of Nkx2-5 display a complete loss of ventricular chamber prolifera-
tion. Taken together, these studies point to the persis-in the initial formation of AV nodal myocytes from ven-
tricular progenitors. At birth, this hypoplastic AV node tent expression of BMP-10 as playing a critical role in
the onset and progression of defects in ventricular mus-is capable of maintaining AV nodal function, at a time
when the atrial and ventricular chambers and the distal cle cell lineages in the Nkx2-5 mutant hearts and suggest
that this persistent expression of a known ventricularconduction system are not yet fully developed. The sec-
ond hit may be the stimulus of stress-induced signals growth factor may partially account for the ventricular
defects seen in the Nkx2-5 mutant mice. Since otherleading to normal postnatal cardiac growth and matura-
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with SoftWorx programs. Data Inspector application was used tofactors that regulate ventricular trabeculation, such as
quantitatively analyze the images. Adobe Photoshop 6.0 was usedneuregulin, have already been implicated in the onset
to design figures.of conduction system lineage formation (Gassmann et
al., 1995; Lee et al., 1995; Rentschler et al., 2002), BMP- Human Histology
10 might also play a dual role in regulating the formation Postmortem examination of the human cardiac conduction system
of conduction system lineages during cardiac chamber was performed as described previously (Ho and Anderson, 2000).
maturation. These studies support the notion that an
In Situ HybridizationNkx2-5-BMP-10 axis plays a critical role in ventricular
Full-length BMP-10 cDNA (gift from Vicki Rosen) was linearized withmuscle cell lineage specification and provide a working
BamHI. Nonradioactive antisense RNA probe was generated usingmodel for a molecular pathway for the onset of multiple
T7 RNA polymerase. Whole-mount in situ hybridization was per-
ventricular defects in an important form of human con- formed as previously described (St Amand et al., 2000).
genital heart disease (Figure 7F). It will become of inter-
est to determine if antagonism of chronic BMP-10 sig- 3D Reconstruction of the AVN
For details, see Supplemental Data on Cell website.nals may represent a new therapeutic approach to
prevent progressive cardiac defects in genetic forms of
RNA Isolation and Quantitative RT-PCR Analysishuman congenital heart disease.
Total RNA was isolated from microdissected ventricles. Ventricular
tissue was either homogenized in Trizol reagent (Gibco BRL) toExperimental Procedures
isolate total RNA or isolated using RNeasy Mini Kit by following
manufacturer’s protocols (Qiagen). Quantitative RT-PCR was per-Generation of Nkx2-5 Ventricular Restricted KO Mouse
formed using Qiagen’s QuantiTect SYBR RT-PCR kit and transcript-The Nkx2-5 floxed allele was generated using a previously described
specific primers. Stratagene’s MX400 PCR machine was used forstrategy (see Supplemental Data on Cell website for details; Chen
real-time detection of fluorescent signal emitted by amplicons. Eachet al., 1998). Two independent targeted ES cell clones were intro-
reaction contained 100–200 ng of total RNA and the relative quantityduced into C57/B6 mouse blastocysts as described (Nagy et al.,
between two samples were calculated utilizing the 

Ct method,1990). Mice homozygous for floxed Nkx2-5 allele were crossed into
normalizing to either GAPDH or -actin Ct (threshold cycles) (LivakMLC2v-cre (Chen et al., 1998) background to generate ventricular
and Schmittgen, 2001).KO of Nkx2-5. All mice used in this study are derived from 129/sv
crossed into either Black Swiss or C57/B6 background. Genotyping
Microarray Data Analysiswas performed by PCR analysis of tail DNA using Cre-specific prim-
For details, see online Supplemental Data.ers and primers that spanned intron 1 and exon 2 of Nkx2-5 gene.
Histological, Morphological, and 3H-ThymidineTelemetry and Surface ECG
Labeling Index AnalysesMethods were performed as described previously (Nguyen-Tran et
Embryos and isolated hearts were fixed in 10% neutral bufferedal., 2000). For details, see online Supplemental Data.
formalin, paraffin embedded, and sectioned (6 m), and stained
with hematoxylin and eosin. To analyze the proliferative activity ofHistological Analyses
developing heart, timing-mated females were given a single injectionUnless otherwise mentioned, cryosections were used. Freshly har-
of tritiated thymidine (200 Ci ip at 28 Ci/mM; Amersham Biosci-vested mouse hearts were embedded in OTC freezing media and
ences Corp.). Embryos were harvested after a 4 hr labeling periodsnap frozen using 5-methylbutane (Sigma) and liquid nitrogen.
and followed by fixation (10% neutral buffered formalin) and paraffinHearts were allowed to freeze overnight in 80C freezer stored in
section. Deparaffined sections were stained with Hoechst in PBSairtight container. Prior to sectioning, the OTC embedded block is
to illustrate nucleus. The Hoechst-stained slides were coated withequilibrated in20C for at least 15 min. Five to ten micron sections
photographic emulsion (Polysciences, Inc., Warrington, Pennsylva-were collected onto Superfrost Plus glass slides (Fisher Scientific).
nia) and further processed for autoradiography. 3H-thymidine label-For serial sections through the AV node, anatomical landmarks were
ing index was the percent of total number of labeled nucleus versusused to help guide the decision to begin collection. Two sections
total number of nucleus.were placed on each glass slide and any loss of sections was noted.
Acetylcholinesterase staining was performed based on protocols
developed previously (El-Badawi and Schenk, 1967). Generation of BMP-10-Expressing NIH3T3 Cells and Culture
of Embryonic Cardiomyocytes using BMP-10
Conditioned MediaImmunohistochemistry and Imaging
Five micron frozen sections were collected on glass slides and We used a retroviral gene delivery system to generate BMP-10-
expressing cells. To generate the BMP-10 expression construct, thefixed in cold (20C) 100% methanol for 1 min. Sections were then
incubated in PBS containing 1% BSA, 0.3% Triton X-100 for 15 coding region of the mouse BMP-10 cDNA was subcloned into 5
end of IRES-GFP cassette of a retroviral-based expression vectormin. Antibodies were used at 1:500–1:100 dilutions in PBS/1%BSA
overnight at 4C. The slides were then washed in solutions con- (MIEG3) (Williams et al., 2000). The viral packaging and the transduc-
tion of NIH3T3 cells were performed as previously described (Wil-taining PBS/1%BSA for 20 min and then incubated with secondary
antibody (1:100 dilution) for 1 hr at room temperature. The primary liams et al., 2000). Transduced cells were kept in DMEM contained
with 10% FBS for 3 days before sorting for GFP positives usingantibodies included anti-Nkx2-5 (Santa Cruz Biotechnology, Santa
Cruz, California), anti-sarcomeric -actin monoclonal (Sigma), and FACSVantage SE (Becton Dickinson). We used MIEG3 transduced/
GFP positive cells as negative control. Northern blot analysis con-anti-connexin 40 (Chemicon, California), and anti-phospho-Histone-
H3 (Upstate, Waltham, Massachusetts) antibodies. The secondary firmed that BMP-10 transcript was only detected in MIEG3-BMP-
10 transduced/GFP positive cells. To culture embryonic cardiomyo-antibodies were purchased from Molecular Probes (Eugene, Ore-
gon) and Jackson ImmunoResearch (West Grove, Pennsylvania). cytes, BMP-10 conditioned media were collected from overnight
cultures of BMP-10-expressing cells (BMP-10-NIH3T3) in DMEMImages were captured by deconvolution microscopy (Agard et al.,
1989) using a DeltaVision deconvolution microscopic system oper- containing 2% FBS. Control media were collected from overnight
culture of control cells (MIEG3-NIH3T3) in DMEM containing 2%ated by SoftWorx software (Applied Precision). Pixel intensities were
kept in the linear response range of the digital camera. Optical FBS. Embryonic cardiomyocytes were isolated from E13.5 and cul-
tured in one-well Lab-Tek chamber slides for 48 hr. To assess thesections through the samples were taken with increments of 0.2–0.5
m depending on magnification. The images were deconvolved and proliferative activity of cultured cells, cells were labeled with
3H-thymidine (1 Ci/ml) for 2 hr before terminating the culture andexamined either section by section or volume views were generated
by combining areas of maximal intensity of each optical section fixed in methanol and processed for autoradiography and Periodic
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Acid-Schiff (PAS) staining. The DNA labeling index of PAS-positive Localisation and quantitation of autonomic innervation in the por-
cine heart I: conduction system. J. Anat. 195, 341–357.cells (cardiomyocytes) were recorded and compared between ex-
perimental and control groups. El-Badawi, A., and Schenk, E.A. (1967). Histochemical methods for
separate, consecutive and simultaneous demonstration of acetyl-
Generation of ANF-BMP-10 Transgenic Mice cholinesterase and norepinephrine in cryostat sections. J. Histo-
For details, see Supplemental Data online. chem. Cytochem. 15, 580–588.
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